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ABSTRACT.
A continuously sampling mass spectrometer was designed 
and constructed to detect the onset of driver gas contamin­
ation in a free piston shock tunnel. A skimmer, which 
formed a molecular beam that was ionised and analysed by a 
quadrupole mass spectrometer, sampled the flow. The design 
and construction of the vacuum system, the ion source, and 
the mass spectrometer are discussed. The response time of 
the apparatus was estimated to be 10 x 10“6 sec.
It was established that a mass spectrometer could be 
used to detect the onset of helium driver gas contamination 
in the flow. Experiments were carried out varying the test 
gas, the initial shock tube pressure, the nozzle throat 
diameter and the conditions in the compression tube. The 
results showed that there was a low level of helium 
contamination very early in the flow and that this was 
almost independent of the test gas and the nozzle throat 
diameter. Three different sampling skimmers were used and 
the results showed that provided that the shock waves were 
attached to the sides of the skimmer then the flow sampled 
represented the free stream conditions.
Finally, a boundary layer dump was used in the shock 
tube and this supported the argument that the helium was 
being introduced into the reflected shock region by the 
boundary layer.
I. INTRODUCTION,
The ability of shock tunnels to generate short duration 
gas flows at stagnation temperatures and pressures associated 
with hypersonic flight has been well established. A complete 
discussion of the techniques was given by Holder and Schultz 
(I), and Hertzberg, Wittliff and Hall (2). The shock tunnel 
used in this work was the free-piston shock tunnel described 
by Stalker (3). The development in time of the flow gener- 
-ated in a shock tunnel can be divided into three periods. 
Firstly there is the starting process. This is the time 
required for the conditions in the reflected shock region at
the end of the shock tube to reach equilibrium. It also 
includes the time for establishing the flow through the 
nozzle. Secondly, there is the steady flow which is to be 
used for measuring physical data. Thirdly there is the flow 
which is contaminated by driver gas. The flow becomes cont- 
-aminated by a mixing process in the reflected shock region 
in the end of the shock tube.
It is obviously important to know when the flow becomes 
contaminated by driver gas and, if possible, in what propor­
tions. There have been a number of methods used to detect 
driver gas contamination, including electron beam excited 
emission from the gas passing through the test section, 
photographic measurements of aerodynamic effects (such as 
shock wave stand-off distance on a blunt body) and a probe
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by Stalker (4), which detects the change in the ambient speed 
of sound by contamination. These methods have the disadvant­
age that they are not very sensitive, responding only when 
contamination levels reach approximately 20%, or even more 
(4), by volume. Fast operating mass capture probes have also 
been used but, although these are intrinsically accurate the 
fact that they involve opening a valve in the test flow 
implies that their response times must be very long, i.e. of 
the order of 10“' sec.
The immediate primary aim of this work was to construct 
and use a mass spectrometer which would detect helium in the 
test flow at low concentration levels, and operate with a 
response time of the order of 10 x 10 6 sec. It was also 
intended that the mass spectrometer should ultimately be 
capable of analysing the constituents of the flow, both in 
the test section and in the flow field about a body in the 
test section, and the work was conducted with this additional 
object in mind.
Mass spectrometers have been used previously on shock 
tubes to analyse the constituent gases behind a reflected 
shock. Gutman, Hay and Bedford (5) used a quadmpole mass 
spectrometer to analyse the gas which flowed through a 0.002 
in. diameter orifice in the end of the shock tube. Ryason 
(6) used a time of flight mass spectrometer with a similar 
sampling technique but recognised the fact that a large
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fraction of the sampled gas was drawn from the boundary 
layer near the entrance to the orifice. Greene and Milne 
(7) sampled gas from a high pressure reservoir through a 
larger diameter orifice and allowed the gas to expand 
through a pressure ratio of I0h to form a supersonic jet.
The gases travelling along the axis of this jet were inter- 
-cepted by a second orifice, or skimmer, forming a molecular 
beam which was analysed by a time of flight mass spectrometer.
In the shock tunnel the gas was drawn out of the reflec-
-ted shock region through the nozzle throat which was as
large as 0.125 in. thus eliminating the possibility of draw-
-ing gas from the boundary layer on the shock tube wall.
The gas then expanded through the conical nozzle and by
placing a skimmer at the exit of the nozzle it was possible
to form a molecular beam. To operate a mass spectrometer it
was necessary to evacuate the region downstream of the
skimmer as the static pressure in the flow was too high. The
type of ion source had to be chosen such that it was trans-
-parent to neutrals in the flow direction. It was necessary
for neutrals to flow through the skimmer and through the ion
source without colliding with large electrodes. The neutrals
then had to be pumped away to prevent them from making
several transits through the ion source. A quadrupole mass
spectrometer, which was of light weight and easily construc- 
*
-ted, was used to analyse the ion beam. The response time
* See page 4•
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of the apparatus had to be less than 10 x 10 " sec. to 
follow the rapid variations in the flow.
* A quadrupole mass spectrometer was more readily constructed 
due to the simplicity of design.
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2. EXPERIMENTAL APPARATUS ÄND TECHNIQUES 
2-1. The Shock Tunnel.
As shown in Figure I. the free-piston shock tunnel 
consists of a high pressure reservoir connected to a 
compression tube 10ft. (3.05m.) in length and 3.0in. (76mm.)
internal diameter. A free piston was driven down the 
compression tube which was initially filled with helium to 
a pressure of 16.5 lb./in (I.l4Kg/cm5) absolute. The isen- 
-tropic compression of the helium driver gas was sufficient 
to rupture the shock tube diaphragm at a pressure of 6700 
lb/in' (457Kg/cm2). The shock tube was 6.5ft (2.0m.) long 
with an internal diameter of 0.850in. (21.5mm.). The shock
tube was filled with test gases at various initial pressures. 
Using air as a test gas at an initial shock tube pressure of 
I.Oin (25.4mm) Hg. the shock speed was 21 x IO’ft./sec.
(6.42 x 10 m./sec.). This was measured by two pressure 
transducers in the shock tube. The end of the shock tube 
was closed apart from the nozzle throat. The primary shock 
was reflected to bring the flow and the contact surface 
approximately to rest. As discussed by Stalker (3) the 
pressure after shock reflection was constant and independent 
of the initial shock tube pressure. This pressure was 3600 
lb/in (265Kg./cm ). The heated gas then flowed through a 
conical nozzle which had a total included divergence angle 
of 30° and an exit diameter of 4.5in. (II4mm.). Two
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alternative throat inserts were used in the nozzle providing 
throat diameters of O.I25in. (3.18mm.) and 0.062in. (I.59mm.).
The nozzle and test section were separated from the shock 
tube by a low pressure diaphragm which was ruptured by the 
primary shock wave. Typical test section conditions were, 
velocity = 1.6 to 2.3 x ICPft./sec. (5.0 to 7.0 x 1 0 mm./sec) , 
and densities varying from I0~6 to 4 x I0_'gm/cm^ with the 
O.I25in. diameter throat and 2.5 to 1.0 x 10“ gm/cm' with the 
0.062in. diameter throat.
2-2. The Sampling Skimmer.
The principal aim of this work was to analyse the flow 
at the exit of the nozzle. This required a method of sampling 
the flow without changing its characteristics. The sampled 
flow had to be ionised and then analysed by the mass spect- 
-rometer. The short duration of the flow made it possible 
to use techniques used in molecular beam studies (8), with- 
-out having large pumping systems. The density of the flow 
was sufficiently low that a single skimmer could be used.
Three continuously sampling skimmers were used to 
examine the different sampling mechanisms. Figure 2 shows 
the design of the skimmers and interferometer photographs of 
the flow over them. Figure 2a shows the 90° conical skimmer 
which had a 70° internal cone. The diameter of the pinhole,
D, and the depth of the pinhole, d, are shown for each
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skimmer. Figure 2b shows the 60° conical skimmer which had 
an internal angle of 45°. Figure 2c shows the hemispherical 
skimmer. This has a 0.375in. (6.8mm.) radius of curvature
and was on a 90c cone with an internal angle of 90° also.
The interferometer photographs clearly show the shock waves 
attached to the conical skimmer while there was a detached 
shock wave in front of the hemispherical skimmer. The curva­
ture of the shock waves at the sides of the skimmers was due 
to the influence of the edge of the flow from the nozzle.
The diameter of the skimmer at its base was restricted 
to 2.0in. (50.8mm.) as tests had shown that cones with
larger bases choked the flow. From molecular beam studies 
by Bier and Hagena (9), a transition from continuum flow to 
a free molecular jet took place when the Knudsen number 
passed through values between 10 1 and I. The Knudsen number 
was defined as the ratio of the mean free path to a charact­
eristic flow length, in this case the pinhole diameter, D.
For a maximum density of 10“b gm/cm3 the mean free path in the 
free stream, was O.OIOin. (2.5 x I0-Imm.) and the diameter of 
the pinhole was O.OIOin. (2.5 x 10“1 mm.) giving a Knudsen 
number of I. Transition from a free molecular jet to 
continuum flow was observed when the flow density was high, 
namely using the O.I25in. (3.18 mm.) diameter throat. A 
smaller diameter pinhole was found to be satisfactory at 
these conditions. In the case of the hemispherical skimmer, 
where there was a stagnation region upstream of the pinhole, 
the mean free path was much smaller, and continuum flow was
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assumed downstream of the pinhole. This skimmer was used to 
compare the response time of the two extremes of Knudsen 
number and to compare the free stream conditions with those 
of a stagnation region.
Pinhole diameters were varied from 0.005in. (1.2 x I0~
mm.) to 0.050in. (I.2mm.) and the diameters finally used were
approximately O.OIOin. (2.5 x I0“'mm.). The flow through the 
pinholes in the conical skimmers was assumed to be of the 
form puA, where p was the maximum free stream number density, 
u the free stream velocity and A the area of the pinhole.
Using the above test section conditions puA was 46 x 10 
molecules/sec.
2-3. The Vacuum System.
As the maximum free stream density was approximately 
I 0 ~ h gm/cm^ it was necessary to pump the region downstream 
of the skimmer, to reduce the pressure in the mass spectro- 
-meter region to I0-s torr. This ensured that the mean free 
path was greater than the dimensions of the mass spectrometer. 
It also ensured that the molecular density downstream of the 
skimmer was maintained at a sufficiently low value such that 
elastic scattering by the background molecules did not result 
in appreciable beam attenuation. As the test section was 
evacuated to 10“' torr before a run, and a run only lasted 
10“3 sec. or less, it was only necessary to maintain a vacuum 
of I0"1 torr for a very short period. This had the advantage
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that only a small pumping system was required and large 
pinhole diameters could be used.
Figure 3 shows the general design of the vacuum system. 
The primary pumping system consisted of a 25 litre/min. 
backing pump and a 150 litre/sec. oil diffusion pump. This 
pumped the two chambers, the region downstream of the skimmer 
and the mass spectrometer region. The ions were generated 
immediately downstream of the skimmer and were directed down 
a small diameter tube to the mass spectrometer which was 
outside the test section. Figure 4a shows a photograph of 
the nozzle, the test section, the skimmer and the pumping 
line downstream of the skimmer. Figure 4b shows a cross- 
section of this same view with the dimensions of the compon- 
-ents shown. Figure 5 shows the apparatus with the test 
section removed. This shows (a) the skimmer, (b) the pump- 
-ing line behind the skimmer, (c) the test section wall,
(d) the small diameter tube connecting the ion source with 
the mass spectrometer, and (e) the mass spectrometer and 
particle multiplier region. It was not possible to have 
large pumping lines immediately behind the ion source and 
to prevent pressure build-up in this region an auxiliary 
pump was placed behind the ion source. This consisted of a 
copper tube wound in a helix through which liquid nitrogen 
was passed. An open gauze basket was placed around the helix 
and filled with molecular sieve pellets. When cooled to 
liguid nitrogen temperatures, this acted as a collecting
. 10 .
surface for the majority of molecules which passed through 
the ion source and prevented molecules from making several 
transits through the ion source. The disadvantage of using 
molecular sieve pellets cooled to liquid nitrogen temperatures 
was that they are inefficient for pumping helium at this 
temperature. This would have caused a rise in the helium 
pressure downstream of the skimmer giving a higher helium 
concentration than was in the flow. The initial time when 
the helium was observed was still the same. The volume of 
the region downstream of the skimmer was approximately 200 
cm"' which was evacuated to a pressure of 10”5 torr before 
each run. The number of background molecules in this volume 
was 10 ' , and after 500 x IO-6 sec., with a flow rate of 50 x 
10 * molecules/sec., the static pressure in this region would 
rise to 2 x 10”’" torr. If 50% of molecules other than helium 
were pumped by the molecular sieve then the pressure would 
reach 10“4 torr and most of the background molecules would 
be helium. Using the 0.062in. diameter throat this pressure 
rise was reduced by almost an order of magnitude and it may 
not be significant.
2-4. The Ion Source.
The design of the ion source to be used in the shock 
tunnel presented two problems. Firstly the ion source had 
to be transparent to neutrals. It was essential that the 
electrodes were small enough for the majority of neutrals to
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pass through the ion source without colliding with them. 
Secondly, the incoming neutrals had a fixed velocity so that 
their energy was mass dependent. A helium neutral had an 
energy of IeV while an argon neutral had an energy of IOeV. 
It was important to consider this energy spread when design­
ing the ion source and deflecting system as the particles 
retain their initial energy in the flow direction as they 
pass through the ionising region.
The possible ion source configurations which could have 
been used are shown in Figures 6a and 6b. Both can be con- 
-structed to satisfy the first of the above conditions. In 
Figure 6a, the neutral beam enters the ionising region along 
the x-axis, the electrons enter along the y-axis, and the 
ions are drawn out along the x-axis. This had the disadvan­
tage that the ion beam had to be separated from the neutral 
beam. The second type of ioniser, as seen in Figure 6b, 
overcame this disadvantage by drawing the ions out along the 
z-axis. If their energy in the z-direction was small or 
comparable with their initial flow energy then there would 
have been a mass separation in the z-direction. For the 
type of mass spectrometer used in these measurements, low 
energy ions were more acceptable than high energy ions. For 
this reason the first type of ioniser was used and the ion 
beam was separated from the neutral beam after they left the 
ioniser. This is described in section 2-5.
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The ion source used in these measurements was similar 
to the ion source described by Brink (10). A photograph of 
the ion source is shown in Figure 7a and the circuit is 
shown in Figure 7b. The ioniser was surrounded by an earthed 
metal cylinder which served as an electron reflector. A 
tungsten filament was placed between the cylinder and a 
cylindrical grid which was the anode. Electrons emitted from 
the filament oscillated many times through the ionising 
region before they were ultimately collected by the grid.
The potential gradient between the grid and the ion extract- 
-ion grid was sufficient to draw the ions out of the ionising 
region. At a pressure of 10”5 torr, with an emission current 
of 40mA and the grid at a potential of 85V, the ion current 
flowing through the ion extraction grid was 10”6amps.
The ion currents were corrected by making use of the 
total ionisation cross sections for the particular value of 
electron energy employed in the ioniser. This is a first 
order correction sufficient for most purposes and ignores the 
details of the ionisation process. For example, if the 
ioniser and mass spectrometer were calibrated for molecular 
nitrogen, the sensitivity for helium was obtained by multip- 
-ying the sensitivity for nitrogen by the ratio of the 
ionisation cross sections for nitrogen and helium at the 
appropriate electron energy.
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Sensitivity for He oHe(8 5 eV) 
gN 2 (8 5eV) Sensitivity for N2.
= 0.143 x Sensitivity for N2 .
The observed helium ion current was multiplied by 7.02 
to obtain the correct value of the partial pressure of helium. 
Tables of these cross sections for varying electron energies 
can be found in reference II and the relevant values are 
shown in Table I.
TABLE I. TOTAL IONISATION CROSS SECTION FOR AN ELECTRON
ENERGY OF 85eV.
GAS. lTaao Sens. Corr.
He 0.399 7.02
A 3.24 0.865
n 2 2.80 1.00
0 2 2.93 0.955
CO 2.96 0.945
NO 3.49 0.802
C02 3.88 0.721
To measure the relative sensitivity of the ion source 
and to compare it with the above table the ion source was 
tested by bleeding a known mixture of gases through it.
Figure 8 shows the mass spectrometer output for (a) the 
residual vacuum, (b) pure helium, (c) a mixture of 50% 
nitrogen and 50% helium, and (d) pure nitrogen. -By—comparing
. 1 4 .
■fcfre helium oenaitivity to that for n4trogen it could ba soon
t?'/Lo~vr*' o A  &  ^/C<*oc^a£ &*. o c ^ ^ C  Ci ty£>/&o<^ f£*<-
tha^ tha-abovG oorrection fa-o-tors were applicable. The
height of the atomic nitrogen peak (mass 14) measured the
ability of the ion source to dissociate molecular nitrogen.
The molecular nitrogen ion currents were increased by 7% to
obtain their correct relative number density, while the
atomic nitrogen ion currents were reduced by 14% of the
molecular nitrogen ion current.
Experiments showed a small variation in the ion currents 
measured by the mass spectrometer for similar conditions in 
the shock tunnel. To make it possible to compare similar 
shock tunnel conditions, a grid was placed in the ion beam 
at the exit of the ion deflecting plates. The grid collected 
5% of the total ion current, thus monitoring ion current 
variations. The grid material used was 0.002 in. Molybdenum 
100 mesh which had a 95% transmission. This is shown in 
Figure 7. By comparing total ion currents for similar cond­
itions while monitoring different species with the mass 
spectrometer it was possible to obtain a more accurate com­
parison of species concentrations. The total ion current 
rose steadily for the first 400 x IO-6 sec. which was 
characteristic of the pressure rise in the ion source region.
2-5. The Ion Mirror.
When the ion source was used in conjunction with the 
shock tunnel most of the neutrals entering the ion source
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flowed straight through it. The probability of a neutral 
being ionised was approximately I in 100. For this reason 
the ions were separated from the neutrals by a deflecting 
system described by Harrower (12). A uniform electric field 
was created by applying a voltage between two parallel metal 
plates as shown in Figure 7. The ion deflecting plate was 
made positive with respect to the lower plate which was at 
ground potential. Ions and neutrals passed through the 
first slit at 45° to the field and the ions travelled in a 
parabolic path to the second slit. The neutrals passed 
through the ion deflecting plate which was made with an open 
grid structure. The distance normal to the field each ion 
travelled was determined by the initial kinetic energy of the 
ion and the applied field. Consequently those ions which 
were able to pass through the second slit were selected 
according to their initial kinetic energy.
A voltage, V, was applied between the two parallel 
plates as shown in Figure 5, and the ions enter the inter- 
-space at an angle of 45° to the field. The initial energy 
of the ions corresponds to a potential Vo volts. Their path 
was thus a parabola whose height, Ym , was
Ym = 0.25x0
where xo was the length of the base of the parabola. The 
separation of the plates was greater than Ym to allow energy
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spreading of the ion beam at the top of the parabolic arch. 
The separation of the plates, y o , was chosen such that
Y o = O.3x0
The deflecting voltage, Vd, needed to deflect an ion of 
initial energy V0 to pass through both slits was given by
Vd = 0.6V 0
The two plates were placed at an angle of 45° to the 
ion and neutral beam with y0 = 0.250in. (6.3mm.),
x0 = 0.834in. (21mm.) and the slit width x = 0.062in.
(I.59mm.). By making the slit width large, compared to the 
separation of the slits, the energy resolution of the device 
was degraded sufficiently to transmit ions with a large 
energy spread. The energy resolution was given by
dV0 = 2x = 0.15
V0 *o
If V 0 was IOOeV then an ion beam with a I5eV energy spread 
was transmitted.
The ions then travelled through a small diameter tube 
to the mass spectrometer, as shown in Figure 3. A quadrupole 
lens was used to focus and steer the ions into the mass 
spectrometer.
2-6. The Mass Spectrometer.
Mass spectrometers have been used to analyse conditions 
in the reflected shock region of shock tubes. Ryason (6) 
used a time-of-flight mass spectrometer while in earlier
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work by Gutman, Hay and Bedford (5) a quadrupole mass filter 
was used. The type of mass spectrometer to be used in the 
shock tunnel had to satisfy the following conditions.
Firstly it had to be reasonably small and light weight so 
that it could be readily moved with the test section when 
the shock tunnel was dismantled to change the shock tube 
diaphragm. Secondly, the short duration of the flow required 
it to be operated as a mass filter. There was insufficient 
time to scan the mass range during the time when the flow was 
steady.
A quadrupole mass spectrometer was used to analyse the 
ion beam as it satisfied the above requirements. This type 
of mass spectrometer was first proposed and demonstrated by 
Paul and Raether (13). The electronics of an E.A.I. (14)
150 A Residual Gas Analyser was used to supply the RF and 
DC voltages needed for operation of the quadrupole. The 
E.A.I. 150 A electronics was modified to increase the radio 
frequency, w , to 5.5MHz. This reduced the mass range to 
0-50 a.m.u. which improved the resolution over this range 
considerably. Figure 9 shows the general design of the mass 
spectrometer rods. The head consisted of four 0.250in.
(.6.36 mm.) diameter, centreless ground stainless steel rods, 
5.0in. (I27mm.) long. The rods were positioned in a quad-
-rupole structure such that their separation was 0.86 x the
diameter of the rods.
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The mass spectrometer was operated as an ion filter when 
used in the shock tunnel. For one set of conditions it was 
necessary to have several runs to monitor different species 
in the flow.
Initially a Faraday Cup was used as a detector, but this 
had the disadvantage that it was difficult to detect ion 
currents of IO-10 amp. and have a response time less than 
10 x I0~6 sec. A 15-stage Cu-Be particle multiplier with a 
gain of IO4 was then used.
2-7. The Response Time.
To obtain the flow conditions at the exit of the nozzle, 
the time scale of the mass spectrometer was corrected. This 
took into account the delay between a neutral passing through 
the pinhole and its ion reaching the detector. The response 
time of the pinhole, the ion source, and the detector were 
also considered in this section.
(a) . The Sampling Skimmer: Assuming that the skimmer
forms a free molecular jet the time scale for neutrals to 
travel from the pinhole to the ion source (I.Oin. (25.4mm.)) 
was 5 x IO-5 sec. The conical skimmers responded to changes 
upstream of the pinhole in less than IO-6 sec.
(b) . The Ion Source: As the neutral particles flowed
through the ionising region, some were ionised. These were 
then drawn out of the ionising region with a higher energy 
by the Ion Extraction Grid. The delay in the ion source was
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the average time a neutral spent in this region which was 
5 x 10”6 sec. The ion source had to respond to changes in 
the gas composition flowing through it in the same time.
(c) . The Time of Flight: Ions left the ion source with
an energy of IOOeV and travelled 8.0in. (200mm.) before being
collected. As all the ions had a fixed energy they had 
different velocities according to their mass. The time of 
flight for ions with an energy of IOOeV to reach the detector 
is shown in Figure 10. There was a 5 x IO“6 sec. difference 
for molecular nitrogen and helium.
(d) . The Detector: The response time of the detector
was the main reason for changing the detector from a Faraday 
Cup to a particle multiplier. The particle multiplier was 
used with a I05ohm load, which gave a time constant of 5 x 
IO-6 sec.
Taking all the above factors into consideration the 
response time of the system was estimated at 10 x IO-6 sec. 
with a 15 x IO-6 sec. delay for helium ions and a 20 x IO-6 
sec. delay for molecular nitrogen ions.
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3• EXPERIMENTAL PROCEDURE
For each run the test section and dump tank were 
evacuated to 10“3 torr (measured with a Pirani gauge) using 
the diffusion pump. The vacuum in the mass spectrometer was 
reduced to IO-5 torr (measured with a Penning gauge) using 
the diffusion pump and by flowing liquid nitrogen continuously 
through the copper coil to cool the molecular sieve. The 
filament emission was set at 40mA and the grid in the ion 
source set at 85V. The deflecting voltage was adjusted for 
maximum ion current to the mass spectrometer. The mass 
spectrometer was set on the species to be monitored. The 
output of the particle multiplier and the total ion current 
monitor were fed directly into an oscilloscope using the 
minimum length of coaxial cable. A I05ohm load resistor was 
placed in parallel with the oscilloscope to earth.
For most of the present experiments the conditions in 
the compression tube were kept constant. Argon, air and 
nitrogen were used as test gases at initial shock tube 
pressures of I, 2 and 4 in. Hg. The corresponding shock 
speeds are shown in Table II.
TABLE II. SHOCK SPEEDS.
Initial Shock Tube Shock Speed x 10 3 ft/sec.
Pressure in.Hg Argon Air Nitrogen
I 19.6 21.0 21.2
2 18.1 19.5 19.7
4 15.8 17.3 17.6
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The stagnation pressure behind the reflected shock was 3600 
lb./in2 (265Kg./cm2). This was independent of initial shock 
tube pressure. (See reference 3.) Figure Ila shows a record 
of the stagnation pressure at the end of the shock tube 
measured by an SLM type HPZ 14 piezo-electric transducer.
All times referred to below were measured with the stagnation 
pressure trace starting at time t = 0. The maximum pressure 
is reached in 100 x IO-6 sec. and then it falls off slowly. 
Figure lib shows the total ion current for the same conditions 
This starts to rise from 40 x 10”6 sec. to a maximum by 400 
x IO-6 sec. Figure lie shows the result when the mass 
spectrometer was set on molecular nitrogen. This did not 
start to rise until 55 x I0~6 sec. due to the delay in the 
mass spectrometer. The helium trace for the same conditions 
is shown in Figure lid. This rises from 130 x IO-6 sec.
The magnitude of the signal was much less due to the small 
ionisation cross section for helium, as discussed in section 
2-4.
For each set of results with the same conditions in the 
shock tunnel the measurements were repeated a number of times, 
to ensure that the results were repeatable. Comparing the 
total ion currents for the same conditions in the shock 
tunnel while monitoring different species with the mass 
spectrometer allowed small variations between runs to be
taken into account.
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4. RESULTS
4-1. Helium Contamination.
The onset of helium contamination in the flow was 
examined for various initial shock tube pressures and nozzle 
throat diameters. For each condition the test gas and 
helium were monitored separately. To compare the relative 
number densities, these results were corrected for the delay 
in the mass spectrometer and the variation in ionisation 
cross section. Figure 12 shows the relative number densities 
for the results shown in Figure II. The molecular and atomic 
nitrogen (not shown in Figure II), both started rising at 
40 x IO-6 sec. Both these rose to a maximum by 150 x IO-6 
sec., and remained constant up to 500 x IO-6 sec. Helium 
started rising at 120 x IO-6 sec., and reached the same 
relative number density as molecular nitrogen by 350 x I0~6 
sec.
The maximum ion current observed was of the order of 
10 6 amp while the minimum helium ion current detectable was 
10 8 amp which was 1% of the total ion current. When the 
ionisation cross section was taken into account this corres- 
-ponded to a 5% helium concentration. Figure 13 shows the 
onset of helium contamination using the 0.062 in. (I.58mm.) 
diameter throat at different initial shock tube pressures.
The shock speeds for these initial shock tube pressures are 
shown on the right hand side of Figure 13. No species were
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observed in the first 40 x 10“6 sec. The shaded area shows 
the region where no helium atoms were observed. As shown in 
Figure 14 the time of onset of helium contamination was not 
substantially affected when the throat diameter was increased 
to O.I25in. (3.16mm.).
While air was used as a test gas for most of these 
measurements it was found that these curves were almost 
independent of test gas. The 90° conical skimmer was used 
for all these measurements.
To confirm the helium contamination results some 
measurements were made using the Mach Zehnder Interferometer. 
These are discussed in the Appendix.
4-2. Helium Nitrogen Mixtures.
To check the response time of the skimmer, the ion 
source, and the mass spectrometer, for various gases, a series 
of measurements were made using carefully prepared mixtures 
of helium and nitrogen. These mixtures were (a) pure 
nitrogen, (b) 90% nitrogen 10% helium, (c) 75% nitrogen 25% 
helium, (d) 50% nitrogen 50% helium and , (e) pure helium.
For these measurements the shock tube was filled to an 
initial pressure of 4.0in. (IOIrnm.) Hg. The 0.062in. (1.58
mm.) diameter throat was used with the 90° conical skimmer. 
For each mixture molecular nitrogen and helium were monitored 
separately. The molecular nitrogen signal started rising 
60 x IO-6 sec. after the rise in the stagnation pressure,
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while the helium in the mixtures was observed after 50 x 10 6 
sec. These results agree with the estimated response time 
as discussed in Section 2-7. It was not possible to make 
quantitative measurements as the signals did not become steady 
until after the flow was contaminated with helium.
4-3. Comparison of Skimmers.
The three skimmers were compared using the same initial 
shock tube conditions and monitoring the same species. 
Nitrogen was used as a test gas with an initial shock tube 
pressure of 4.0in. (IOImm.) Hg. The results are shown in 
Table III.
TABLE III. COMPARISON OF SKIMMERS.
Skimmer
Initial Rise in Ion Current Ratio of 
Ion Current 
n 2 / nN 2 x 10 6 
sec.
He x 10 6 
sec.
90° 60 130 10
60° 60 130 10
Hemispherical 70 160 5
The two conical skimmers gave identical results. The 
initial nitrogen signals were observed 60 x 10 6 sec. after 
the rise in the stagnation pressure, and the helium signal 
started rising after 130 x IO-6 sec. These signals have not 
been corrected for the response time of the system. The
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ratio of molecular nitrogen to atomic nitrogen remained 
constant. When these times were compared to the hemispher- 
-ical skimmer times, the nitrogen signals were observed after 
70 x IO-6 sec. and the helium was not observed before 160 x 
10 6 sec. Also the ratio of molecular nitrogen to atomic 
nitrogen head dropped to 5.
From these results it was concluded that provided the 
shock waves produced by the skimmers were attached, as was 
the case for the two conical skimmers, then the skimmer 
sampled the flow at the free stream conditions. If there 
were shock waves inside the skimmers then they were too weak 
to influence the response time of the sampling system greatly.
In the case of the hemispherical skimmer, where the flow 
passed through a strong shock wave, the skimmer responded 
more slowly and delayed the observed helium contamination.
This was explained by the flow velocity in the stagnation 
region being much less than the free stream velocity. The 
higher temperature in this region increased the degree of 
dissociation as can be seen by the change in the molecular 
to atomic nitrogen ratio, as shown in Table III.
4-4. Varying the Conditions in the Compression Tube.
To test whether the helium contamination followed the 
predicted characteristics of the shock tunnel (3), the 
volumetric compression ratio (15) in the compression tube 
was reduced. This reduced the temperature of the helium
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driver gas at rupture thus reducing the speed of sound in 
the driver gas. The result of this was to reduce the shock 
speed, the reflected shock temperature and pressure, and the 
rate at which test gas was removed from the reflected shock 
region through the nozzle throat. This increased the time 
before the contact surface reached the shock tube end wall. 
The compression ratio was reduced from 37 to 25.7 (diaphragm 
rupture pressure 5500 lb/in2 at 0.850in. diameter, initial 
helium compression tube pressure 24.1 lb/in2 absolute, 
reservoir pressure 750 lb/in2). Air was used as the test 
gas with an initial shock tube pressure of 2.0 in. (50.8mm.) 
Hg. The 0.062in. (I.58mm.) diameter throat was used with the
90° conical skimmer. Using these conditions the test gas was 
observed after 50 x 10 6 sec. and the onset of helium 
contamination was observed after 85 x IO-6 sec. This is 
shown in Figure 15. the shaded area shows the uncontaminated 
flow for a compression ratio of 37. For a compression ratio 
of 25.7 and an initial shock tube pressure of 2.0 in Hg. the 
result is shown in Figure 15. The delay in the helium 
contamination could be explained by the lower performance of 
the shock tube as the shock speed was reduced from 19.8 x 103 
ft/sec (6.0 x I03 m/sec.) to 17.4 x I03 ft/sec. (5.32 x I03 
m/sec.)
A series of measurements were made using argon as the 
driver gas. Using argon as a driver gas reduced the speed of
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sound in the compression tube thus having a similar effect 
as reducing the volumetric compression ratio. A compression 
ratio similar to the normal operating conditions was used, 
(diaphragm rupture pressure 6700 lb/in2 at 0.85in. diameter, 
initial argon compression tube pressure 15.7 lb/in2). Air 
was used as the test gas at an initial shock tube pressure 
of I.Oin. (25.4mm.) Hg. The 0.062in. (I.58mm.) diameter
throat was used with the 90° conical skimmer. Using these 
conditions the test gas was observed after 60 x IO-6 sec. 
and the argon driver gas after 105 x IO-5 sec. This also is 
shown on Figure 15 for comparison. Here again the delay in 
argon contamination could be explained by the lower perform- 
-ance of the shock tube.
4-5. The Boundary Layer Dump.
A boundary layer dump was placed in the reflected shock 
region to test whether this influenced the helium contamina- 
-tion results. The design of the dump is shown in Figure 16. 
Figure I6a shows the design of the reflected shock region for 
normal operation. Figure I6b shows the reflected shock 
region with the boundary layer dump inserted. The diameter 
of the knife edge was 0.080in. (2.0mm.) less than the
c
internal diameter of the shock tube. The portion of the 
flow outside the knife edge was dumped into the cavity. The 
inverted conical shape was used to make the length of the 
slug of hot gas greater by reducing its diameter. The area
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ratio of the end of the shock tube to the throat diameter 
was 36 ensuring that a reflected shock was formed. Nitrogen 
was used as a test gas with an initial shock tube pressure 
of 4.0in. (I0I.6mm.) Hg. The 0.062in. (I.58mm.) diameter
throat was used with the 60° conical skimmer. Using these 
conditions the test gas was observed after 40 x 10 6 sec. 
which was the same as without the boundary layer dump. The 
uncontaminated flow time was increased by 30 x I0~6 sec.
This is shown on Figure 15 for comparison.
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5 * DISCUSSION.
Using the mass spectrometer it was possible to detect 
helium contamination levels as low as 5% compared with 50% 
for the contamination probe described by Stalker. The 
results of the contamination probe measurement are shown 
on Figures 13 and 14 for comparison. These were measured 
in the following manner. The slopes of the traces shown in 
Figure 2, reference 4, were measured and the time when the 
slope changed was assumed to be the time when the helium 
contamination had reached 50% in the contamination probe 
cavity. The response time of the contamination probe as 
given by Stalker (4) was subtracted from these times.
For reflected shock operation of a shock tunnel, the 
downstream end of the shock tube was closed apart from the 
nozzle throat. The primary shock wave was reflected to 
bring the flow and the contact surface approximately to 
rest. Provided the conditions behind the reflected shock 
remain uniform all the shock-heated gas could be used to 
supply the nozzle. The uniformity of conditions at the 
nozzle entry may be affected by (a) the disturbance 
reflected from the contact surface, (b) the arrival of the 
expansion wave transmitted from the compression tube, and 
(c) the interaction of the reflected shock with the 
boundary layer on the shock tube wall. These three 
mechanisms have beem examined in view of the helium cont-
-amination results.
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(a) Interaction of the Reflected Shock and the Contact 
Surface: At tailored interface operation (I) there was
little change in the helium contamination result. An initial 
shock tube pressure of I.5in. (38mm.) Hg. of air and a shock 
speed of 20.8 x 10' ft/sec. (6.35 x 103 m/sec.) correspond 
to tailored interface operation. This indicated that the 
influence of reflections from the contact surface were not 
significant. When the slug length was calculated taking into 
account the losses in the boundary layer (16) it was found 
that the slug length was approximately half the ideal length. 
The contact surface was a diffuse region which may be more 
accurately described as a contact region.
(b) By reducing the volumetric compression ratio, X , 
the period for steady conditions after shock reflection,
t 0, was increased. The period for steady conditions was 
the time interval before the influence of the expansion 
wave from the compression tube was transmitted to the 
reflected shock region. Stalker (3) predicted that t q was 
2.84 x 10 3 sec. for a XR of 37, and t q increased to 4.35 x 
10”3 sec. when X was reduced to 25.7. The mass spectrometer 
results showed that the flow was contaminated with helium 
before the influence of the pressure decay has arrived.
(c) Interaction with the Boundary Layer: A cooling and
mixing mechanism based on the interaction of the reflected 
shock and boundary layer on the shock tube wall has been
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proposed by Davies and Wilson (17). Due to the existence of 
the layer, the reflected shock moves into an oncoming gas 
which has a lower relative approach velocity near the walls 
of the tubet consequently, the front of the reflected shock 
moves more quickly in this region than in the central core 
of the tube, so that a bifurcation or forking of the front 
occurs due to the interaction with the boundary layer. 
Simultaneously, this interaction causes a thickening and 
separation of this layer from the tube walls, so that it 
extends progressively more into the central region, the 
layer also becomes more turbulent. The boundary layer 
consists of shock heated test gas which has been cooled by 
the influence of the shock tube wall. This cold gas is then 
injected into the hot slug of gas, cooling it. This mixing 
process could introduce driver gas from the contact region. 
This proposed boundary layer mixing of helium into the slug 
was supported by the results using the boundary layer dump 
Section 4-5. When the boundary layer on the wall of the 
shock tube was removed using the boundary layer dump, helium 
contamination was delayed by 30 x 10 6 sec. By isolating the 
reflected shock from the influence of the shock tube boundary 
layer it was possible to reduce the interaction between the 
bifurcated and the reflected shock. This produced a much 
steadier region in the reflected shock region. The work on 
the boundary layer dump was started at too late a stage for
.32.
a detailed study to be made, but it is thought that further 
work should be carried out to optimise the shape of the 
boundary layer dump.
.3 3 .
6• CONCLUSIONS.
It was established that a mass spectrometer could be 
used for detecting low concentrations of helium in the 
shock tunnel flow (5% by molar concentration) and for 
monitoring the concentrations of test gases. Some measure­
ments were made of species concentrations but most of the 
results were directed towards understanding the shock 
tunnel and the apparatus, especially the sampling process.
It was shown that increasing the initial shock tube 
pressure for all test gases only delayed the helium 
contamination slightly. For an initial shock tube pressure 
of 2.0in. Hg. of air the helium contamination was observed 
after 60 x IO-6 sec. and for 6.0in. Hg. of air helium was 
observed after 160 x IO-6 sec. Varying the nozzle throat 
only changed the rate at which the flow became contaminated 
with helium.
By varying the compression ratio, the driver gas, and 
using the boundary layer dump it was shown that the contam­
ination results depended upon the conditions in the 
reflected shock region.
The three skimmers showed that provided a conical 
skimmer was used which had a total included angle of 90° or 
less, then the flow sampled was characteristic of the free
stream conditions.
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From ideal shock tube theory the length of the reflected 
shock region should be proportional to the initial shock tube 
pressure. If all the hot gas was being used to supply the 
nozzle, then the uncontaminated flow time should be 
approximately proportional to the initial shock tube pressure 
also. This was not the case. In support of this was the 
fact that the uncontaminated flow time was about the same for 
the two throat diameters used. The helium contamination 
should have been much later with the smaller diameter throat. 
The improvement in the uncontaminated flow time using the 
boundary layer dump suggested that further work should be 
directed towards improving conditions in the reflected shock 
region, and towards a fuller understanding of the processes 
going on in this region.
To avoid helium build up in the ion source region of 
the mass spectrometer it will be necessary to increase the 
pumping speed downstream of the skimmer by using larger 
pumping lines or by increasing the volume of this region.
The results showed that there was a low level of 
contamination very early in the flow. A possible explanation 
of this phenomenon has been proposed by Davies (16). He 
suggested that the reflected shock process rapidly sets up 
a flow of driver gas along the shock tube wall towards the 
nozzle in the boundary layer. If this were the case, we 
could expect that the driver gas introduced with the boundary
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layer could continually mix with the test gas and pass through 
into the nozzle. This would produce a flow with a more or 
less constant fairly low contamination level for a long time. 
Gross contamination only occurs when the contact region 
arrives at the entrance to the nozzle. This was supported
by the interferometer results discussed in the Appendix.
*
There was a very long period in the flow where the fringe 
shift and stand-off distance on a blunt body remained constant.
-6* 700 x 10 sec.
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7. APPENDIX INTERFEROMETRY
The Mach Zehnder Interferometer was used as a method of 
confirming the presence of helium in the flow. This was 
possible as the refractive index of gas mixtures of a 
relatively heavy gas with helium is very sensitive to the 
helium partial pressure. A series of runs were carried out 
using a 0.75in. (I9mm.) diameter cylinder as a model I.Oin.
(25.4mm.) long. Its axis was placed perpendicular to the 
flow. The fringe shift and the bow shock stand off distance 
were measured at different times during the flow. These 
measurements were made using the 7%° half angle nozzle and 
the throat diameter was 0.125in. (3.16mm.). Air and carbon
dioxide were used as test gases at initial shock tube 
pressures of 4.0 and 6.0 in. Hg. respectively. The results 
are shown in figures AI and A2. It can be seen that the 
fringe shift started approximately 40 x 10 6 sec. after the 
rise in the stagnation pressure. There was a very large 
fringe shift in the first 100 x IO“6 sec. which dropped 
back to a constant value by 150 x I0~6 sec. This remained 
constant for the next 800 x 10”6 sec. As there was no fringe 
shift in this time these results indicated that the flow was 
contaminated before the 150 x I0~6 sec. mark.
. 37 .
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